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Abstract
We calculate the contributions of the Kaluza-Klein (KK) modes to the KL − KS mass
dierence MK , the parameter "K , the B0d,s − B0d,s mixing mass dierences Md,s and rare
decays K+ ! +, KL ! 0, KL ! +−, B ! Xs,d and Bs,d !  in the Appelquist,
Cheng and Dobrescu (ACD) model with one universal extra dimension. For the compactication
scale 1=R = 200 GeV the KK eects in these processes are governed by a 17% enhancement
of the F = 2 box diagram function S(xt; 1=R) and by a 37% enhancement of the Z0 penguin
diagram function C(xt=1=R) relative to their Standard Model (SM) values. This implies the
suppressions of jVtdj by 8%, of  by 11% and of the angle γ in the unitarity triangle by 10.
Ms is increased by 17%. MK is essentially uneected. All branching ratios considered in
this paper are increased with a hierarchical structure of enhancements: K+ ! + (16%),
KL ! 0 (17%), B ! Xd (22%), (KL ! )SD (38%), B ! Xs (44%), Bd !  (46%)
and Bs !  (72%). For 1=R = 250 (300)GeV all these eects are decreased roughly by a factor
of 1:5 (2:0). We emphasize that the GIM mechanism assures the convergence of the sum over
the KK modes in the case of Z0 penguin diagrams and we give the relevant Feynman rules for
the ve dimensional ACD model. We also emphasize that a consistent calculation of branching
ratios has to take into account the modications in the values of the CKM parameters.
1 Introduction
During the last years there has been an increased interest in models with extra dimensions.
Among them a special role play the ones with universal extra dimensions (UED). In these
models all the Standard Model (SM) elds are allowed to propagate in all available dimensions.
Above the compactication scale 1=R a given UED model becomes a higher dimensional eld
theory whose equivalent description in four dimensions consists of the SM elds, the towers of
their Kaluza-Klein (KK) partners and additional towers of KK modes that do not correspond
to any eld in the SM. The simplest model of this type is the Appelquist, Cheng and Dobrescu
(ACD) model [?] with one extra universal dimension. In this model the only additional free
parameter relative to the SM is the compactication scale 1=R. Thus all the masses of the
KK particles and their interactions among themselves and with the SM particles are described
in terms of 1=R and the parameters of the SM. This economy in new parameters should be
contrasted with supersymmetric theories and models with an extended Higgs sector.
A very important property of the ACD model is the conservation of KK parity that implies
the absence of tree level KK contributions to low energy processes taking place at scales  1=R.
In this context the flavour changing neutral current (FCNC) processes like particle-antiparticle
mixing and rare K and B decays are of particular interest. As these processes appearing in the
SM rst at one-loop are strongly suppressed, the one-loop contributions from the KK modes to
them could in principle be important.
The eects of the KK modes on various processes of interest have been investigated in a
number of papers. In [?] their impact on the precision electroweak observables assuming a light
Higgs (mH  250 GeV) led to the lower bound 1=R  300 GeV. Subsequent analyses of the
decay B ! Xsγ [?] and of the anomalous magnetic moment [?] have shown the consistency of
the ACD model with the data for 1=R  300GeV. The scale of 1=R as low as 300GeV would
lead to an exciting phenomenology in the next generation of colliders [?, ?, ?, ?]. Moreover the
cosmic relic density of the lightest KK particle as a dark matter candidate turned out to be of
the right order of magnitude [?]. The related experimental signatures have been investigated in
ref. [?].
Very recently Appelquist and Yee [?] have extended the analysis of [?] by considering a heavy
Higgs (mH  250GeV). It turns out that in this case the lower bound on 1=R can be decreased
to 250GeV, implying larger KK contributions to various low energy processes, in particular to
the FCNC processes. Among the latter only the decay B ! Xsγ has been investigated within
the ACD model so far [?] and it is desirable to consider other FCNC processes.
In the present paper we calculate for the rst time the B0d,s − B0d,s mixing mass dierences
Md,s, the KL −KS mass dierence, the CP violation parameter "K and the branching ratios
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for the rare decays K+ ! +, KL ! 0, KL ! +−, B ! Xs,d and Bs,d !  in the
ACD model with one universal extra dimension. In the forthcoming paper [?] we will analyze the
decays B ! Xsγ, B ! Xsl+l− and KL ! 0e+e−. In order to be more general we will include
the results for 1=R = 200GeV that is only slightly below the lowest value of 1=R = 250GeV
allowed by the electroweak precision data.
As our analysis shows, the ACD model with one extra dimension has a number of interesting
properties from the point of view of FCNC processes discussed here. These are:
 GIM mechanism [?] that improves signicantly the convergence of the sum over the KK
modes corresponding to the top quark, removing simultaneously to an excellent accuracy
the contributions of the KK modes corresponding to lighter quarks and leptons. This
feature removes the sensitivity of the calculated branching ratios to the scale Ms  1=R
at which the higher dimensional theory becomes non-perturbative and at which the towers
of the KK particles must be cut o in an appropriate way. This should be contrasted with
models with fermions localized on the brane, in which the KK parity is not conserved and
the sum over the KK modes diverges. In these models the results are sensitive to Ms and
the KK eects in Ms,d are signicantly larger [?] than found here.
 The low energy eective Hamiltonians are governed by local operators already present
in the SM. As flavour violation and CP violation in this model is entirely governed by
the CKM matrix, the ACD model belongs to the class of the so-called models with min-
imal flavour violation (MFV) as dened in [?]. This has automatically two important
consequences.
 The impact of the KK modes on the processes discussed here amounts to the modication
of the Inami-Lim one-loop functions [?]. This is the function S [?] in the case of Md,s
and of the parameter "K and the functions X and Y [?] in the case of the rare decays
considered. In the ACD model these three functions depend only on mt and the single
new parameter, the compactication radius R.
 The unitarity triangle constructed from jVub=Vcbj, Md=Ms and the sin 2 extracted
from the CP asymmetry aψKS is common to the SM model and the ACD model. That
is, the R-dependence drops out in this construction. Which of these two models, if any, is
consistent with the data can only be found out by analyzing Md and Ms separately,
"K and in particular the branching ratios for rare K and B decays that depend explicitly
on R.
Our paper is organized as follows. In section 2, we summarize those ingredients of the ACD
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model that are relevant for our analysis. In particular, we give in appendix A the set of the
relevant Feynman rules in the ACD model that have not been given so far in the literature. In
section 3, we calculate the KK contributions to the box diagram function S and we discuss the
implications of these contributions for MK , Md, Ms, "K and the unitarity triangle. In
section 4, we calculate the corresponding corrections to the functions X and Y that receive the
dominant contribution from Z0-penguins and we analyze the implications of these corrections
for the rare decays K+ ! +, KL ! 0, KL ! +−, B ! Xs,d and Bs,d ! . In
section 5, we summarize our results and give a brief outlook.
Very recently an analysis of Ms,d in the ACD model has been presented in [?]. The result
for the function S found by these authors diers signicantly from our result with the eect of
the KK modes being by roughly a factor of three larger than what we nd. As the authors do not
present the details of their calculation, it is impossible to identify the origin of this discrepancy.
2 The Five Dimensional ACD Model
The ve dimensional UED model introduced by Appelquist, Cheng and Dobrescu (ACD) in
[?] uses orbifold compactication to produce chiral fermions in 4 dimensions. This is not the
case in the models described in [?], where all fermions are localized on the 4 dimensional brane.
However, there are many similarities between these two classes of models, and some of the issues
discussed in this section have already been presented in detail in [?]. We also rely on [?, ?, ?].
2.1 Kaluza-Klein mode expansion
The topology of the fth dimension is the orbifold S1=Z2, and the coordinate y  x5 runs from
0 to 2R, where R is the compactication radius. The orbifold has two xed points, y = 0 and
y = R. The boundary conditions given at these xed points determine the Kaluza-Klein (KK)
mode expansion of the elds.
A scalar eld  has to be either even or odd under the transformation P5 : y ! −y, and
therefore
A vector eld AM in 5 dimensions has ve components, M = 0; 1; 2; 3; 5. The orbifold
compactication forces the rst four components to be even under P5, while the fth component
is odd:
Hence, the KK expansion of a vector eld is
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A Dirac spinor  in 5 dimensions is a four component object. Using the chirality projectors
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; at y = 0; R: (2.1)
The respective KK mode expansions are
The zero-mode is either right-handed or left-handed. The non-zero-modes come in chiral
pairs. This chirality structure is a natural consequence of the orbifold boundary conditions.
We can derive Feynman rules for the KK modes by explicitly integrating over the fth
dimension in the action:
Using the KK mode expansions in (??), (??) and (??), the ve dimensional Lagrangian L5
reduces to the four dimensional Lagrangian L4 which contains all KK modes. The eld content
is arranged such that the zero-modes are the 4 dimensional SM particles, whereas the higher
modes constitute their KK excitations. Moreover there are additional KK modes that do not
correspond to any eld in the SM.
2.2 Universal Extra Dimensions
In the UED scenarios, all elds present in the Standard Model live in the extra dimensions, i.e.
they are functions of all space-time coordinates.
For bosonic elds, one simply replaces all derivatives and elds in the SM Lagrangian by
their 5 dimensional counterparts. There are the U(1)Y gauge eld B and the SU(2)L gauge
eld Aa, as well as the SU(3)C QCD gauge elds. The Higgs doublet is
It is chosen to be even under P5 so it possesses a zero-mode. By assigning a vacuum
expectation value to that zero-mode with the substitution  ! v^ +H, we can give masses to
the fermions. Note that we label all parameters of the 5 dimensional Lagrangian with a caret.
It is convenient to introduce 4 dimensional parameters that are related to their 5 dimensional
counterparts by factors of
p
2R, see appendix ??.
Fermions living in ve dimensions are more involved. In order to write down a Lorentz
invariant Lagrangian, we need one Γ-matrix for each space-time dimension to satisfy the Cliord
algebra
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The metric gMN = diag(1;−1;−1;−1;−1) is the natural extension of the flat Minkowskian
metric for one extra space dimension. For the Γ-matrices, we take
Integrating over the fth dimension yields
Note that the zero-mode remains massless unless we apply the Higgs mechanism. Note
also that all elds in the 4 dimensional Lagrangian receive the KK mass n=R on account of
the derivative operator @5 acting on them. These tree-level masses are shifted by radiative
corrections due to gauge interactions and boundary terms localized at the xed points [?]. Since
these corrections are a two-loop eect on the processes considered, we will use the tree-level
mass relations in our calculations.
2.3 Gauge fixing and Goldstone mixing
In the 5 dimensional ACD model, we can use the same gauge xing procedure as in models in
which the fermions are localized on the 4 dimensional subspace. We adopt the various gauge
xing functionals given in [?] and adapt them to the case of the SM gauge group U(1)Y SU(2)L
with one Higgs doublet:
With the gauge xed, we can diagonalize the kinetic terms of the bosons and nally derive
expressions for the propagators. Compared to the SM, there are the additional KK mass terms.
As they are common to all elds, their contribution to the gauge boson mass matrix is propor-
tional to the unity matrix. As a consequence, the electroweak mixing angle w is the same for
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A1M  iA2M ; (2.3)
where
sw  sin w = g
0p
g22 + g02
and cw  cos w = g2p
g22 + g02
: (2.4)
For the -components, (2.2) and (2.3) already give the mass eigenstates
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The zero-modes Zµ(0) and W
µ









The components Z5(n) and W

5(n) mix with the Higgs modes 
a
(n), while A5(n) as dened in
(2.2) is a mass eigenstate.
Because of the KK contribution to the mass matrix, the Higgs components  and 3 with
n 6= 0 no longer play the role of Goldstone bosons. Instead, they mix with W5 and Z5 to
form, in addition to the Goldstone modes G0(n) and G

(n), three additional physical scalar modes
a0(n) and a

(n). The former allow the gauge bosons to acquire masses without breaking gauge









































with MZ(n) and MW (n) given in (??).
For the zero-modes, we can identify 3(0) and 

(0) as the Goldstone bosons that give masses to
Zµ(0) and W
µ
(0) . With increasing n, the contributions of Z5(n) and W

5(n) dominate the Goldstone
modes, while 3(n) and 





(n). The physical Higgs H(n)
does not mix with A5(n). The latter constitutes an additional unphysical scalar mode which
turns out to be the Goldstone mode for Aµ(n) for n  1.





The Yukawa coupling of the Higgs doublet to the quark elds is a pivotal part of the Lagrangian
concerning chirality. Analogous to the SM, we write
The SU(2) doublets Q0 are odd under P5, while the singlets U 0 and D0 are even. Due to this
assignment, the zero-modes have the same chirality as the quark elds in the SM.
The fermions receive masses both through spontaneous symmetry breaking and the KK
expansion as described in section 2.2. In order to diagonalize the Yukawa couplings between
fermions of equal charge, we apply the biunitary transformation
Q0U = SU Q00U ; Q0D = SD Q00D; (2.8)
U 0 = TU U 00; D0 = TD D00; (2.9)
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